Aberrant immune responses represent the underlying cause of central nervous system (CNS) autoimmunity, including multiple sclerosis (MS). Recent evidence implicated the crosstalk between coagulation and immunity in CNS autoimmunity. Here we identify coagulation factor XII (FXII), the initiator of the intrinsic coagulation cascade and the kallikrein-kinin system, as a specific immune cell modulator. High levels of FXII activity are present in the plasma of MS patients during relapse. Deficiency or pharmacologic blockade of FXII renders mice less susceptible to experimental autoimmune encephalomyelitis (a model of MS) and is accompanied by reduced numbers of interleukin-17A-producing T cells. Immune activation by FXII is mediated by dendritic cells in a CD87-dependent manner and involves alterations in intracellular cyclic AMP formation. Our study demonstrates that a member of the plasmatic coagulation cascade is a key mediator of autoimmunity. FXII inhibition may provide a strategy to combat MS and other immune-related disorders.
A utoimmune diseases of the central nervous system (CNS), such as multiple sclerosis (MS), are mediated by the intimate interplay of many cellular and molecular immune components 1, 2 . It is widely accepted that autoreactive T cells generated in the periphery migrate across the blood-brain barrier (BBB), inducing disseminated inflammatory lesions within the brain parenchyma, leading to demyelination. Recent studies suggest that both interferon (IFN)-g-and interleukin (IL)-17A-producing effector T-helper cells (T H 1 and T H 17, respectively) contribute to inflammation and tissue damage in the course of CNS autoimmunity [3] [4] [5] . Interaction of T cells with dendritic cells (DCs), professional antigen-presenting cells (APCs), is crucial for T-cell differentiation 6, 7 . Accumulation of effector T cells in human brain lesions and subsequent increased expression of cell-specific signature cytokines in peripheral blood mononuclear cells (PBMCs) of patients also indicate a role of autoreactive T cells in human MS 8, 9 .
More recent evidence suggests that other factors not traditionally considered components of the immune system might also be involved in MS pathophysiology. In particular, blood coagulation constituents, such as platelets, are thought to contribute to experimental autoimmune encephalomyelitis (EAE), the mouse model of human MS 10 . Moreover, deposition of plasmatic coagulation factors, such as fibrinogen, has been described in human MS lesions [11] [12] [13] , and tissue factor and protein C inhibitor have been identified within chronic active MS plaques 14 .
Although findings indicate a role of the extrinsic coagulation system in EAE and MS, the function of the intrinsic coagulation system remains unknown. The initiator of intrinsic coagulation is factor XII (FXII; Hageman factor) 15 . FXII activation occurs through the contact with negatively charged surfaces 16 , resulting in activation of the intrinsic blood coagulation system and subsequently fibrin clot formation 15, 17 . FXII also triggers the proinflammatory kallikrein-kinin system (KKS), which consists of several sequentially linked serine proteases, with the peptide hormone bradykinin (BK) being the end product. In addition, FXII may interact with cell-surface-associated receptors, such as the urokinase plasminogen activator receptor (also designated CD87) 18 .
As FXII is at the interface between inflammation and coagulation, and has recently been identified as a major driving force during ischaemic neurodegeneration 19 , we therefore investigated its role in autoimmunity and the potential underlying mechanisms of action. Moreover, we assessed FXII as a therapeutic target in different EAE models. We showed that FXII drives pathologic adaptive immune reactions via CD87-mediated modulation of DC.
Results

FXII-deficient mice are less susceptible to CNS inflammation.
To assess whether FXII is relevant during CNS autoimmunity in vivo, we first analysed the plasma, lymph nodes (LNs) and the inflamed CNS of myelin oligodendrocyte glycoprotein (MOG )-immunized wild-type (WT) mice. Interestingly, FXII levels were significantly increased in the plasma and LN on disease maximum of EAE (Fig. 1a) . Despite these peripheral alterations, extensive FXII depositions could also be found in the inflamed CNS of immunized mice (Fig. 1a,b) , implying a potential contribution of FXII to EAE pathology.
To this end, we subjected FXII-deficient (F12 À / À ) mice to EAE. F12 À / À and WT control mice were immunized with MOG , and clinical scores were evaluated daily over a 35-day period. FXII deficiency was associated with later disease onset and reduced maximum disease severity (d max ) ( Fig. 1c ; Supplementary Table 1) . Inflammatory infiltrates and demyelination were less prevalent in MOG -immunized F12 À / À mice compared with WT mice (Fig. 1d) . While the distribution of different immune cell subsets in spleens and LNs from F12 À / À and WT mice was only slightly shifted under basal (that is, non-immunized, reduced CD11c þ cells, increased forkhead box P3 (FoxP3) cells) and MOG -immunized conditions (Supplementary Table 2 ; Supplementary Fig. 1 ), FXII deficiency was associated with lower relative numbers of CD4 þ and CD8 þ T cells as well as CD11b þ and CD11c þ cells in the CNS of EAE mice at d max (Supplementary Table 2 ; Supplementary Fig. 2) .
Importantly, reconstitution of F12 À / À animals with human FXII fully restored the susceptibility to EAE (Fig. 1e) , indicating that the protective phenotype in EAE, due to FXII deficiency, can be specifically attributed to the absence of FXII. To further test whether FXII is involved in the priming or effector phase of EAE, we performed adoptive transfer (AT)-EAE. Interestingly, WT and F12 À / À animals that received F12 À / À LN cells developed almost no signs of EAE. Similarly, F12 À / À mice receiving LN cells from WT or F12 À / À mice were likewise protected from AT-EAE, indicating that FXII impacts priming as well as the effector mechanisms within the inflamed CNS (Fig. 1f) .
FXII shifts immune cells towards a T H 17 pattern. We next evaluated the differentiation of immune cells on MOG immunization in an FXII-deficient or -proficient setting. To this end, active EAE was induced in WT and F12 À / À animals. At day 10 (priming phase) and d max (day 16) of EAE, the amount of several transcription factor genes was determined in CD4 þ T cells obtained from the LN or CNS infiltrates by real-time reverse transcription-PCR (rRT-PCR). CD4 þ T cells of F12 À / À animals displayed no significant difference in Tbx21 (coding for Tbet; a T H 1 marker) and in Gata3 transcripts (a T H 2 marker), but a significant decrease in retinoic acid receptor-related orphan receptor C (Rorc) transcripts (encoding the T H 17 specification marker) and an increase in Foxp3 transcripts (a marker of regulatory T cells (T reg )) at day 10 ( Fig. 2a) . No significant changes were observed for any of these transcripts in CD4 þ T cells at d max (Fig. 2a) . In line with the findings in the preclinical phase of EAE, brain-infiltrating lymphocytes (BILs) of F12 À / À animals displayed a similar pattern of Tbx21, Gata3, Rorc and Foxp3 transcripts at d max , as already shown for CD4 þ T cells at day 10 ( Fig. 2a) . These data suggest a FXII-induced shift to a T H 17 signature in response to MOG immunization.
While proliferation of CD4 þ T cells was unchanged in F12 À / À mice compared with WT animals, FXII favoured T H 17 cell emergence as indicated by the cytokine profile (low IL-17A, unaltered IFN-g, IL-10 and transforming growth factor (TGF)-b from CD4 þ T cells within LN, and low IL-6, IL-23, unaltered IL-10, IL-12, IL-27 and TGF-b from CD11c þ DC; Fig. 2b ) and by the number of IL-17A-producing CD4 þ T cells obtained from LNs, as determined by flow cytometry in the preclinical phase (day 10; Fig. 2c ). The same signature could be found in the CNS of EAE mice on d max (low IL-6, IL-17A, IL-23, increased IL-27, unaltered IFN-g, IL-10, IL-12, TGF-b and increased number of IL-17A-producing lymphocytes, Fig. 2d,e) , while peripheral changes were already lost (unaltered number of IL-17A-producing cells, Fig. 2f) . Notably, the amount of IL-17A-producing MOG -activated CD4 þ CD40 ligand (CD40L) þ T cells obtained from draining LN was reduced in F12 À / À mice, as compared with WT animals, while the number of IFN-gproducing CD4 þ CD40L þ T cells was unaltered, suggesting that antigen-specific sensitization and priming of T H 17 cells is impaired in FXII deficiency ( Supplementary Fig. 3 ).
FXII worsens EAE independently of the coagulation and KKS. release, and the intrinsic coagulation cascade, leading to fibrin formation 20 . Although basal serum BK levels were lower when FXII was absent, cerebrospinal fluid (CSF) BK levels of immunized F12 À / À animals were indistinguishable from those of immunized WT mice ( Supplementary Fig. 4a ). Accordingly, BK receptor 1 (B1R) or B2R expression levels in the inflamed spinal cords from F12 À / À and WT mice did not differ on EAE induction ( Supplementary Fig. 4b ). We recently showed that blockade of B1R on endothelial cells reduces immune cell invasion across the activated BBB in EAE 21 . We therefore analysed the impact of FXII deficiency on the migratory capacity of LN-derived immune cells in an in vitro transmigration assay, using murine brain microvascular endothelial cells (MBMECs) from B1R-deficient or WT mice. The number of immune cells crossing the MBMEC barrier did not differ significantly in either group ( Supplementary Fig. 4c ).
Western blot analysis revealed that the amount of fibrin/ fibrinogen detectable in the CNS was similar between WT and F12 À / À mice at d max ( Supplementary Fig. 4d ). That the effects of FXII in EAE were not mediated by the intrinsic coagulation system was corroborated by the fact that deficiency of FXI, the primary substrate of activated FXII during thrombus formation, did not alter the clinical course, demyelination, immune cell infiltration or cytokine levels in the course of EAE ( Supplementary Fig. 4e-g ). Overall, these findings indicate that the detrimental effects of FXII in autoimmune CNS inflammation cannot be attributed to the KKS or plasmatic coagulation cascade activation.
Another pathway, which is triggered by FXII, is the complement system 15 . Modulation of certain components of the complement system, such as C3a or C5a, has been shown to be relevant in EAE 22 . However, C5a serum levels were not significantly different between WT and F12 À / À animals ( Supplementary Fig. 4h ).
FXII is pivotal for DC to orchestrate T-cell differentiation. FXII can directly act on cells by binding to domain 2 of the glycoprotein CD87 (refs 16,18) . Hence, we evaluated Cd87 expression in different immune cell subtypes isolated from the LN or spleen of naive WT mice by rRT-PCR (Fig. 3a) . Interestingly, Cd87 expression was prominent in CD11c þ DC, identifying those cells as a potential target of FXII. Naive CD4 þ T-cell activation under T H 1-, T H 17-and inducible T reg (iT reg )-favouring conditions did not lead to substantial CD87 upregulation (Fig. 3b) . To search for CD87 þ DC subsets, we purified conventional DCs (cDCs) and plasmacytoid DCs (pDCs) from WT mouse spleens. Both cell types expressed high levels of CD87 at both the messenger RNA and protein levels (Fig. 3b,c) . Further protease-activated receptors (PAR), such as PAR1-4, are also able to interact with coagulation factors 23 . However, in contrast to CD87, cDC and pDC expressed only low numbers of Par1-4 messenger RNA transcripts (Fig. 3d) .
We examined potential immunoregulatory functions of FXII pertinent to the interaction between CD4 þ T cells and DC using different co-culture approaches. No significant differences in T-cell proliferation and cytokine production of IFN-g and IL-17A were observed when incubating CD4 þ T cells with FXII or vehicle ( Supplementary Fig. 5a ). In addition, T H 1, T H 17 or Foxp3 induction in CD4 þ T cells cultivated under T H 1-, T H 17-and iT reg -inducing conditions, respectively, was not significantly affected by the presence of FXII (Supplementary Fig. 5b ). In contrast, FXII-treated cDCs produced higher amounts of IL-6 in response to lipopolysaccharide (LPS), as compared with control conditions, while the levels of IL-10 and IL-12 were significantly reduced (Fig. 3e) . In line with the finding for IL-6, the amount of IL-23 was also significantly higher, whereas the levels of TGF-b and IL-27 were reduced in the presence of FXII compared with controls (Fig. 3e) . However, treatment of pDCs with FXII alone or together with CpG oligodeoxynucleotide 1,826 (CpG) did not lead to a significant shift in IL-6, IL-10, IL-23 or TGF-b production (Fig. 3e) . For cDCs, similar results were obtained using FXIIa, the active form of FXII (Fig. 4a) and a non-cleavable FXII (Fig. 4b) Figs 6 and 7) .
To address the hypothesis that FXII modulates cDC function via CD87, cDCs of CD87-deficient (Cd87 À / À ) mice were treated with FXII or vehicle in the presence of LPS. In this scenario, cDC cytokine levels of IL-6, IL-12, TGF-b and IL-27 were not affected by FXII, indicating that CD87 on DCs is the main receptor mediating the effects of FXII (Fig. 4c) . However, as CD87 is a glycoprotein without an intracellular domain and cannot induce intracellular signalling by itself, we sought to determine whether further transmembrane receptors are necessary to initiate intracellular signalling. Previous evidence has suggested that CD87 may form lateral complexes with b 2 -integrins, such as Mac-1 integrin (also designated CD11b/CD18), which could thereby serve as mediators of CD87-triggered signalling events 24, 25 . Thus, we engaged CD11b-deficient (Itgam À / À ) cDCs, which we treated with FXII or vehicle in the presence of LPS. FXII failed to induce changes in the production of cytokines in CD11b-deficient cDCs, indicating that the ligation of CD87 by FXII induces intracellular signalling in a CD11b-dependent manner (Fig. 4d) .
Pathways inducing enhanced cyclic AMP (cAMP) formation in DCs are triggered by LPS and enhance cytokines associated with T H 17 responses, such as IL-6 and IL-23, while decreasing T H 1-associated cytokines, such as IL-12 and IL-27 (refs 26,27) . We therefore challenged WT cDCs with LPS in the presence and absence of FXII. Although FXII had only a slight effect on basal cAMP levels, it further increased the intracellular cAMP induced in cDCs by LPS (Fig. 4e ). This effect was again CD87 dependent, as FXII failed to alter intracellular cAMP levels in Cd87-deficient DCs (Fig. 4e) . Furthermore, production of T H 17-associated cytokines was also reduced by treating WT cDCs with FXII in combination with different protein kinase A signalling inhibitors ( Fig. 4f) , indicating no significant role of protein kinase A-independent pathways of cAMP.
We obtained consistent results using DC-CD4 þ T-cell co-cultures. Under unskewed co-culture conditions (WT or Cd87 À / À CD4 þ T cells and WT DCs), FXII reduced IFN-g and increased IL-17A, IL-6 and IL-23 ( Fig. 4g ). In contrast, cytokine levels of Cd87 À / À DCs co-cultured with WT or Cd87 À / À CD4 þ T cells were not significantly different from controls ( Fig. 4g ). To prove that CD87 is also relevant in vivo, an AT model was created using CD4 þ T cells and DCs isolated from WT and Cd87 À / À mice restimulated in the presence or absence of FXII (Fig. 5a ). Interestingly, WT mice treated with FXIIrestimulated WT CD4 þ T cells and DCs displayed an aggravated disease course, while FXII had no additional effect on CD87-deficient CD4 þ T cells and DCs. Of note, transfer of Cd87 À / À CD4 þ T cells and DCs led to an attenuated disease course, as compared with control conditions (Fig. 5a ).
To address a relevant role of CD87 also on resident cells, bone marrow (BM) chimeras were created by transferring WT or Cd87 À / À BM into WT and Cd87 À / À hosts after irradiation. Cd87 À / À or WT mice reconstituted with Cd87 À / À BM were less susceptible to the development of EAE compared with WT (Fig. 5b) . Interestingly, transfer of WT BM into Cd87 À / À animals led to a partial protection (Fig. 5b) arguing for a role of FXII on both peripheral and resident cells.
CD87 is also expressed on endothelial, microglial and astroglial cells ( Supplementary Fig. 8a ). Hence, we isolated MBMECs from WT mice and treated them with FXII under naive and inflammatory conditions. While inflammation led to a significant reduction of transendothelial resistance (TER), FXII had no additional effect (Supplementary Fig. 8b ). Furthermore, while MIP-1b production of MBMECs was increased in the presence of FXII, other chemokines were not influenced (unaltered level of CXCL1, CXCL9, CXCL10, CCL2, MIP-1a, RANTES, CCL11, CCL17 and CCL22; no detection of CCL20, CXCL5 and CXCL13; Supplementary Fig. 8c ). To exclude a direct effect of FXII on transmigration, we analysed the impact of FXII on the migratory capacity of immune cells in an in vitro transmigration assay. The number of immune cells crossing the MBMEC barrier did not change in the absence or presence of FXII ( Supplementary  Fig. 8d ). To analyse the potential effect of FXII on microglia and astrocytes, primary cultures were prepared. However, FXII did not affect major histocompatibility complex (MHC)-I or -II, or production of IL-6, IL-10 and tumour necrosis factor a (TNF-a) cytokines in both microglia ( Supplementary Fig. 8e,g ) and astrocytes ( Supplementary Fig. 8f,h ). Of note, the number of activated microglia and astrocytes was unchanged in FXII-deficient animals compared with WT controls on d max of EAE ( Supplementary Fig. 8i,j) .
As extensive FXII depositions were found in the CNS of immunized mice (Fig. 1a,b) , we analysed the possible effect of FXII on cDCs present in the CNS on d max of EAE mice. Therefore, we separated cDCs from the CNS on d max (Fig. 5c) . Interestingly, cDCs isolated from F12 À / À mice showed again a reduction in IL-6 levels ( Fig. 5d) , while the surface markers CD80, CD86 and MHC-II were unchanged (Fig. 5e) . Furthermore, FXII depositions were localized in the close proximity of DCs in the inflamed spinal cord (Fig. 5f ).
Pharmacologic inhibition of FXII protects from EAE. Since FXII deficiency prevented EAE, we investigated whether the effect of FXII deficiency could be mimicked using the highly specific FXII inhibitor, recombinant human albumin (rHA)-Infestin-4 (ref. 28 ). Indeed, rHA-Infestin-4, starting 1 day after MOG immunization, significantly attenuated the signs of EAE in WT mice ( Fig. 6a; Supplementary Table 3 ) and was able to ameliorate cellular inflammation and demyelination (Fig. 6b,c) . Again, the protective effect of rHA-Infestin-4 in WT mice was associated with a reduced T H 17 immune response (Fig. 6d) . In contrast, rHA-Infestin-4 could no longer alter the EAE disease course when applied after neurologic symptom onset (Fig. 6e) . Interestingly, rHA-Infestin-4 could not be found in the CNS of EAE mice, indicating no significant entrance of the substance through the BBB into the CNS (Supplementary Fig. 9 ). These findings point again to both a predominant role of FXII in DC-mediated EAE disease priming and influence on resident APCs.
To further demonstrate that FXII inhibition represents a promising new approach to combat MS, we challenged SJL/JRj mice in a relapsing-remitting-EAE (RR-EAE) model 29 . FXII inhibition significantly reduced the number and severity of relapses, even when rHA-Infestin-4 was injected in a delayed setting, that is, not until the first clinical attack ( Fig. 6f;  Supplementary Table 4) . Furthermore, the inhibition of FXII was challenged in a spontaneous model of EAE that has been used in our group before 30 . For this purpose, double transgenic Devic mice were generated by crossbreeding transgenic mice carrying either a MOG -specific T-cell receptor (TCR) or MOG -specific B-cell receptor, since 50-70% of these mice spontaneously develop EAE-like symptoms without the administration of any substances used for immunization 31 . Littermates were treated daily with rHA-Infestin-4 (200 mg kg À 1 body weight) or vehicle for 20 consecutive days, starting at postnatal day 20. Devic mice treated with rHA-Infestin-4 displayed attenuated clinical symptoms (Fig. 6g,h) , sustained motor coordination, as revealed by rotarod analysis (Fig. 6i) , and a limited number of CNS-infiltrating CD4 þ T cells (Fig. 6j) .
To further analyse the functional relevance of FXII in adaptive immunity, we introduced a skin contact hypersensitivity model in which T H 17 cells are critically involved in disease pathogenesis. In this model, mice are immunized by painting dinitrofluorobenzene on the shaved abdomen on day 0 and undergo antigen rechallenge on day 5 by painting the same antigen on the ear. Ear thickness and the underlying immune responses are assessed 1 day later. F12 À / À mice developed less inflammation in the challenged ear and less IL-17A production from T cells, while proliferation and IFN-g production were unchanged (Fig. 6k) , suggesting that FXII deficiency can inhibit T H 17 cell development, not only under neuroinflammatory conditions but also in other immune disorders.
FXII is upregulated in MS patients. To assess the involvement of FXII in humans, we analysed the plasma from individuals with different forms of MS (clinically isolated syndrome, relapsingremitting MS, primary progressive MS and secondary progressive MS, Supplementary Table 5 ). FXII plasma level was significantly increased in patients with relapsing-remitting MS and secondary progressive MS compared with healthy donors (HDs; Fig. 7a) . Interestingly, enhanced FXII amount was observed during the course of a relapse (Fig. 7b) . Moreover, FXII levels tended to correlate with disease activity, as higher levels were associated with a shorter relapse-free period, independent of immunomodulatory therapy (Fig. 7c) . In addition to these peripheral alterations, extensive FXII depositions could be found in the CNS of individuals with MS, but not in HDs (Fig. 7d) . These depositions were in close contact with DCs, indicating that these cells may be the potential targets of FXII in the CNS of MS patients as well (Fig. 7e) . As mouse data suggest an immunomodulatory function of FXII on DCs, also in the periphery, we examined the influence of FXII on these cells in humans (Fig. 7f) . Interestingly, in contrast to the mouse data, FXII led to an extensive upregulation of the co-stimulatory molecules CD80 and CD86 in human DCs (Fig. 7g,h) , while CD40 and MHC-II expression was unaltered (Fig. 7i,j) . Furthermore, CD87, the proposed binding partner of FXII, was significantly increased in human DCs on FXII treatment (Fig. 7k) . Together, these data suggest that FXII also significantly enhanced the amount of IL-6 and IL-23 (Fig. 7l) , indicating a significant immunomodulatory role of FXII, not only in mice but also in humans.
Discussion
Immune inflammation triggered by pathogenic and/or autoreactive T H cells underlies various immune diseases 3, 32, 33 . To our knowledge, our work represents major novel insights into the role of a plasmatic coagulation cascade member as a critical trigger of autoimmune inflammation. Genetic deficiency or pharmacologic blockade of FXII significantly protected from EAE in different clinically relevant settings. Mechanistically, FXII stimulates DC-mediated T H 17-cell generation in a CD87-dependent manner. Importantly, FXII deficiency also ameliorated skin allergy, thereby underpinning the pathophysiologic importance of this coagulation factor in adaptive immunity, and thus as a potential therapeutic target in autoimmunity.
The traditional view of plasmatic coagulation cascade is linked to thrombotic diseases 19 . However, there is increasing evidence that some coagulation factors may also be involved in autoimmune disorders, such as in MS, inflammatory bowel disease or dermatitis [34] [35] [36] . Depositions of fibrinogen and the degradation products thereof were found in the CNS and skin of patients with MS or dermatitis [34] [35] [36] . In the brain, those depositions fostered microglia activation and subsequent plaque formation 12, 36 . Moreover, a close correlation between the cerebral or spinal fibrin load and the number of relapses was reported in EAE mice, and anticoagulant administration or fibrinogen depletion reversed the pathology 14, 37 . Apart from triggering thrombus formation via the intrinsic pathway of blood coagulation, FXII is also central to the triggering of the proinflammatory KKS, leading to the formation of BK. The physiologic and pathophysiologic effects of BK are mediated by two distinct BK receptors 38 . Human studies revealed that B1R is expressed on circulating lymphocytes and infiltrating T cells during active episodes of MS. Moreover, B1R can be found on endothelial cells within MS plaques [39] [40] [41] . In the EAE model, contradictory reports exist with regard to the relevance of B1R and B2R 21, 42 .
While the immune system of FXII-deficient mice was dominated by a protective response with a reduction in T H 17 cells, we found that, for this shift, neither the coagulation system nor the KKS was required. This unexpected observation led us to hypothesize that FXII might affect the immune system via CD87 (ref. 18) .
CD87 is a glycoprotein tethered to the cell membrane with a glycosylphosphatidylinositol anchor. CD87 was originally identified as a binding site for urokinase on the surface of different cells, but can also be activated by FXII 18 . Indeed, cDCs and pDCs isolated from the periphery constitutively expressed CD87, as did activated CD4 þ T cells. Most notably, FXII tipped the balance of T-cell differentiation towards a T H 17 phenotype, which is increasingly being recognized as a key player in MS pathophysiology 8, 43 . This effect of FXII critically depended on the presence of CD87 in cDCs. Moreover, since CD87 lacks an intracellular domain, we identified the CD11b integrin, which was previously shown to interact with CD87 on the membrane 24, 25 , as the adapter-mediating intracellular signalling and cytokine upregulation triggered by FXII.
Our data suggest that FXII acts on peripheral DCs, thereby shaping T-cell differentiation and adaptive immunity. significant local role. Resident cells such as microglia, astrocytes and endothelial cells are known to express CD87. However, none of these cells could be identified as a relevant target of FXII in our model. Nevertheless, FXII was able to induce a cytokine shift in DCs localized in the CNS during neuroinflammation. DCs can regulate T-cell function and are capable of integrating a myriad of incoming immune signals to govern downstream circuits 44, 45 . We here provide evidence that CD87 activation through FXII impacts the cytokine responses to inflammatory signals and yields a typical T H 17 cytokine network by boosting IL-6 production under neuroinflammatory conditions. From a translational perspective, FXII blockade in WT mice with the highly specific FXII inhibitor rHA-Infestin-4 had a beneficial effect on disease severity and progression in different EAE models. Since rHA-Infestin-4 has anticoagulant properties and potentially interferes with hemostasis, there might be a considerable risk of inducing bleeding complications when using this compound. However, previous experimental stroke and thrombosis studies revealed that neither F12 À / À nor WT mice treated with rHA-infestin-4 developed a bleeding phenotype 19, 28 . This is in line with the notion that FXII is dispensable for hemostasis, but only contributes to thrombosis 16 . The fact that FXII inactivation does not affect hemostasis makes FXII inhibition a safe pharmacologic approach, at least in rodents 46 . Whether this also applies to humans, and particularly in the course of autoimmune CNS inflammation, needs to be elucidated. Notably, we never observed any major haemorrhages in the organs of F12 À / À mice subjected to EAE (not shown).
Overall, our study identifies FXII as a key regulator of adaptive immune responses during neuroinflammation. Targeted inhibition of FXII might become a promising approach to redress immune balance in MS. Further studies in relevant preclinical disease models are warranted.
Methods
Mice. C57BL/6N mice, which served as controls (WT), and SJL/JRj mice were purchased from Charles River Laboratories (Sulzfeld, Germany). FXII-deficient (F12 À / À ) 19 , factor XI-deficient (F11 À / À ) 19 , B1R-deficient (B1r À / À ) 21 and B2R-deficient (B2r À / À ) mice 21 were a gift from C. Kleinschnitz (Department of Neurology, University Hospital Würzburg, Würzburg, Germany). CD11b-deficient (Itgam À / À ) 47 mice and CD87-deficient (Cd87 À / À ) 48 31 . All mice, except SJL/JRj, had a C57BL/6 background. All animal experiments were performed on adult mice at 8-10 weeks of age.
All animal protocols were approved by the local authorities, and were in accordance with the German laws and regulations for animal care.
Induction and evaluation of EAE. Active EAE was induced by immunization of 8-10-week-old female F12 À / À , F11 À / À and WT (C57BL/6N) mice with MOG peptide (Charité, Berlin, Germany) 21 . Briefly, animals were subcutaneously immunized with 200 mg of the mouse MOG 51 , WT and Cd87 À / À mice were irradiated with a single dose of 10 Gy, and BM cells from WT or Cd87 À / À mice from the same litter were injected i.v. into the irradiated mice (4.0 Â 10 6 cells per mouse). Six weeks later, active EAE was induced as above described. RR-EAE was induced in SJL/JRj mice by vaccination with 75 mg of proteolipid protein peptide 139-151 (Genemed Synthesis, San Antonia, TX, USA) emulsified in complete Freund's adjuvant containing 600 mg M. tuberculosis 29 . Each mouse received subcutaneous injections of 200 ml emulsion divided among four sites draining axillary and inguinal LN. PTx (400 ng) was administered i.p. on the day of immunization and 2 days later. Animals were scored as described below. rHA-Infestin-4 (200 mg kg À 1 body weight) or respective vehicle was administered daily i.v. after the onset of the first clinical RR-EAE attack. A relapse was defined as a sustained (42 day) increase in the clinical score by at least one full grade after the animal had improved previously by at least one full grade and had stabilized for at least 2 days. For a spontaneous model of EAE, 2D2 mice were crossed with Th mice (IgH MOG ) to generate double transgenic Devic mice (TCR MOG Â IgH MOG ) in our facility 30 . Littermates received daily i.p. injections of rHA-Infestin-4 (200 mg kg À 1 body weight) or vehicle for 20 consecutive days, starting at postnatal day 20. The motor coordination was assessed using the rotarod test. For this, mice were placed on a rotarod with automatic timers and falling sensors (Harvard Apparatus MarchHugstetten, Germany) while the speed of the rod was accelerated from 4 to 40 r.p.m. within 10 min, and the time the mice remained on the rod was recorded. For each mouse, the average time of three trials followed by 30-min breaks was recorded daily. All animals were kept under standard conditions and had access to water and food ad libitum. The clinical course of EAE was monitored daily by two blinded investigators using the following score system: grade 0, no abnormality; grade 1, limp tail tip; grade 2, limp tail; grade 3, moderate hindlimb weakness; grade 4, complete hindlimb weakness; grade 5, mild paraparesis; grade 6, paraparesis; grade 7, heavy paraparesis or paraplegia; grade 8, tetraparesis; grade 9, quadriplegia or premoribund state; or grade 10, death. Animals with a score 47 were killed and the last score observed was included in the analysis until the end of ARTICLE the experiment. The mean cumulative score for a treatment group was calculated as the sum of the daily scores of all animals from day 0 until the end of the experiment divided by the number of animals in the respective group.
Cell preparation. Single-cell suspensions of mouse LN (cervical, axillary, mesenterial and inguinal), spleens or BM were prepared from naive animals, or immunized animals 10 days after the induction of EAE or at the peak of disease 21 . CD4 þ T cells were isolated from LN cells of WT, F12 À / À and F11 À / À mice using CD4 þ or CD4 þ CD62L þ T-cell isolation kits (Miltenyi Biotec, Bergisch Gladbach, Germany). DCs were purified from the spleen or BM of WT, F12 À / À , Cd87 À / À and Itgam À / À mice using the CD11c þ or pDC isolation kits (Miltenyi Biotec). All immunomagnetic cell separations were performed according to the supplier's manual. For purification of BILs 52 , brains and spinal cords from immunized WT and F12 À / À animals at d max were collected after transcardial PBS perfusion. CNS tissues were cut into pieces and further mechanically homogenized in PBS, layered on a 30-50% Percoll (Sigma-Aldrich) gradient and continuously centrifuged for 30 min at 2,500 r.p.m. Mononuclear cells were isolated at the interphase. After isolation, cells were washed and resuspended in the appropriate buffer or medium for further analysis. For quantification of cell numbers isolated from the CNS, Calibrite beads (BD) were added to freshly isolated BILs from WT and F12 À / À animals before washing and staining. Furthermore, human PBMCs were obtained from leukoreduction system chambers (Department of Transfusion Medicine, University of Münster) of anonymous HDs by density gradient centrifugation as described before 53 . Purified PBMCs were left untreated or treated with 60 nM FXII for 24 h before the use for further analysis by enzyme-linked immunosorbent assay (ELISA) and flow cytometry. For rRT-PCR, CNS-derived DC subsets were isolated from the spinal cord and brain of immunized WT and F12 À / À animals at d max by sorting on a BD fluorescence-activated cell sorting Aria III instrument after BIL purification. Cell purity was routinely 495%.
HD
ELISA and proliferation assay. Samples of serum, plasma, single-cell suspensions of LN and CSF were taken from mice under basal conditions or at d max of EAE from respective mice. CSF was collected according to the technique described by Fleming et al. 54 Samples (5 ml) were diluted 20 times in 50 mM Tris-HCl buffer, pH 7.4, containing 100 mM NaCl and 0.05% Tween-20, and frozen at À 80°C. Determination of FXII was performed using the ELISA Kit for Coagulation FXII (USCN Life Science, Inc., Wuhan, China) according to the manufacturer's instructions. In one set of experiments, irradiated (35 Gy) DCs from WT or F12 À / À mice were pulsed with 10 mg ml À 1 MOG and used as APC co-cultured with syngeneic CD4 þ T cells derived from the LN, as described before 52 . Cells were cultured in 1 ml DMEM containing 10 mM HEPES, 25 mg ml À 1 gentamicin, 50 mM mercaptoethanol, 5% fetal calf serum (FCS), 2 mM glutamine and 1% non-essential amino acids (Cambrex, Verviers, Belgium) for 2 days and stimulated with 10 mg ml À 1 MOG . [ 3 H]thymidine (Amerham, Piscataway, NJ, USA) was added for the final 14 h, and radioactivity was measured on a b-scintillation counter (TopCount NXT, PerkinElmer, Rodgau-Jügesheim, Germany). The supernatants were analysed for different cytokines by ELISA. Fractioned DC subpopulations were incubated for 48 h with medium alone, 1 mg ml À 1 LPS (for cDCs) or 10 mg ml À 1 CpG oligodeoxynucleotide 1,826 (for pDCs) in the absence or presence of FXII, non-cleavable FXII (CSL Behring) or FXIIa (American Diagnostica Inc.-now Sekisui Diagnostics, Stamford, CT, USA). Cytokine production from BILs was measured in culture supernatants collected after a 24-h cell incubation with 10 mg ml À 1 MOG . Mouse cytokines (IL-6, IL-10, IL-12, IL-17A, IL-23, IL-27, IFN-g and the active form of TGF-b1) and human cytokines (IL-6 and IL-23) were assessed in culture supernatants of the abovedescribed cells by ELISA using specific kits (R&D Systems, Peprotech, Hamburg, Germany, and eBioscience, San Diego, CA, USA) according to the manufacturer's instructions. The concentrations of cAMP in cDCs were measured using cAMP XP assay kit (Cell Signaling Technology, Cambridge, UK). Briefly, cDCs were incubated with medium only or with 1 mg ml À 1 LPS for 10 min in the absence or presence of FXII. Reactions were stopped by aspirating the medium, and then the cells were lysed with 100 ml of lysis buffer. Cell lysate was transferred into microtiter plates, and cAMP concentrations were measured according to the manufacturer's protocol. BK levels were determined using the Bradykinin ELISA Kit (Phoenix Pharmaceuticals, Inc., Karlsruhe, Germany) with minor modifications. Briefly, biotin-labelled antigen was diluted 20 times to increase the sensitivity. The competitive immunoextraction step was carried out by incubating for 4 h at room temperature (RT) under agitation. Peptides were detectable at a 1-10 pg ml À 1 linear range with 0.1 pg ml À 1 minimum detectable concentration 42 . For complement (C5a) detection, plates were precoated with a rat anti-mouse C5a capture antibody (clone I52-1486; BD) diluted in coating buffer (100 mM NaHCO 3 and 34 mM Na 2 CO 3 , pH 9.5), and incubated overnight 55 . This capture antibody is specific for a neoepitope exposed only in mouse C5a/C5adesArg, and does not cross react with native C5. Then, plates were blocked for 1 h in assay diluent (10% FCS/PBS, followed by a 2-h incubation with samples and standards. Thereafter, a rat anti-mouse C5a biotin-labelled detection antibody (clone I52-278; BD) was added for 1 h. To detect captured mouse C5a, streptavidin-horseradish peroxidase (BD) was added for 30 min, followed by tetramethylbenzidine (Sigma-Aldrich); the reaction was stopped using 1 M H 2 SO 4 , and the plate was read at 450 nm. Concentrations of measured analytes were calculated via four-parameter logistic curve fitting according to standard curves, respectively. For in vitro cell treatments, FXII, non-cleavable FXII and FXIIa were diluted in medium to a final concentration of 60 nM, unless otherwise specified. 21 , sections were stained with HE and LFB according to the standard procedures. All stainings were examined by microscopy (Axiophot2, Zeiss, Oberkochen, Germany) with a charge-coupled device camera (Zeiss, Oberkochen, Germany) and analysed in a blinded manner using Axiovision (Zeiss) and also Image J software. For quantification, inflammatory foci (HE), demyelinated areas (LFB) and the fluorescence intensity of ionized calcium-binding adapter molecule 1 and GFAP were counted on three slices of six mice per group, and the fluorescence intensity of MHC-I and MHC-II per area was calculated for five coverslips per condition, whereas the value of each coverslip is the mean of five cells per coverslip. rRT-PCR. RNA isolation and RT-PCR were performed as previously described following TaqMan gene expression assays (Applied Biosystems, Foster City, CA, USA) 21 : After a washing step with TBST (50 mM Tris-HCl (pH 7.5), 0.05% Tween-20), membranes were incubated for 1 h with horseradish peroxidase-conjugated donkey anti-rabbit immunoglobulin G (for fibrin/fibrinogen; Dianova) at a dilution of 1:5,000 and were finally developed using ECL plus (GE Healthcare, Hamburg, Germany). Images have been cropped for presentation. Full-size images are presented in Supplementary Fig. 10 .
MBMECs and transmigration assays. MBMECs 21 were prepared from brains of WT and B1r À / À mice, and cultured 6 days before reseeding on Collagen IV/fibronectin-(Sigma) coated Transwell inserts with 3.0 mm pore polyester membrane (Corning, Lowell, MA, USA). Purity, confluency and cell morphology were checked on a regular basis by flow cytometry, resistance measurements and microscopy. To induce upregulation of B1R, MBMECs were inflamed in vitro using IFN-g and TNF-a (each 500 IU ml À 1 , Peprotech) for 24 h. Naive LN cells from WT and F12 À / À mice were loaded in the upper chamber and were allowed to migrate towards 5% FCS. After an incubation period of 18 h, migrated cells from the lower chamber of two compartments were collected, and the relative cell number of CD4 þ T cells was determined by flow cytometry. To assess the effects of FXII on MBMECs, the cells were treated with FXII (60 nM) under naive or inflamed conditions with IFN-g and TNF-a (each 500 IU ml À 1 ) for 24 h, during which the transendothelial resistance was monitored with the cellZscope apparatus (nanoAnalytics GmbH, Münster, Germany). Twenty-four hours post inflammation, MBMEC supernatants were collected, and the concentration of proinflammatory chemokines was assessed using the LEGENDplex Mouse Proinflammatory Chemokine immunoassay (catalogue no. 740007; BioLegend) according to the manufacturer's instructions. To assess MBMEC permeability, 24 h post inflammation with or without FXII, naive splenocytes from WT mice were loaded on the upper chamber of the transwell and were allowed to migrate for 18 h towards 5% FCS. For quantification of migrated cells, Calibrite beads were added before collecting the cells from the lower chamber. Numbers of migrated cells were determined by counting 1.0 Â 10 4 references beads by flow cytometry as described before 56 .
In vitro cell differentiation. Purified naive CD4 þ CD62L þ T cells were activated for 3 days with 5 mg ml À 1 of plate-bound CD3-specific (clone 145-2C11; eBioscience) and 1 mg ml À 1 soluble CD28-specific (clone 37.51; BD) antibodies in the absence or presence of 60 nM FXII, and in the presence of various combinations of recombinant cytokines and blocking antibodies as follows: 10 mg ml À 1 anti-IL-4 (clone 11B11, eBioscience) and 10 ng ml À 1 IL-12 (Peprotech) for T H 1 cells; 5 ng ml À 1 human TGF-b (R&D Systems), 20 ng ml À 1 IL-6 (eBioscience), 10 mg ml À 1 anti-IFN-g (clone XMG1.2, eBioscience) and 10 mg ml À 1 anti-IL-4 for T H 17 cells; 5 ng ml À 1 TGF-b, 10 mg ml À 1 anti-IFN-g and 10 mg ml À 1 anti-IL-4 for iTreg cells. After 3 days at 37°C and 5% CO 2 , cells of T H 1 and T H 17 differentiation were further analysed by flow cytometry as described above.
Contact hypersensitivity. We sensitized female mice by applying 25 ml of 1% (w/v) dinitrofluorobenzene in acetone/olive oil (4:1, v/v) on the shaved abdominal skin. After 5 days, animals were rechallenged by applying 20 ml of 0.3% dinitrofluorobenzene to the left ear. To determine ear swelling, ear thickness was measured with a micrometre before and 24 h after antigen re-exposure. LN cells from WT and F12 À / À mice were prepared and cultured on day 5.
Primary murine cell cultures. For microglia culture, pups of WT mice were decapitated at postnatal days 1-5 and, after removal of the cerebellum, the meninges were removed. Up to five brains were mechanically homogenized together in 5 ml L-glutamine-containing DMEM supplemented with 10% heatinactivated FCS, 1% non-essential amino acids and 1% penicillin/streptomycin with a 5-ml pipette. The supernatants were incubated for 5 min on ice, and after centrifugation of the pooled supernatants at 486g for 5 min at RT, the pellets were resuspended in 1 ml medium/2-3 brains. The cell suspensions were transferred to poly-L-lysin-precoated 75-cm 2 cell culture flasks in a total volume of 10 ml each and incubated at 37°C and 5% CO 2 . After 1 and 7 days of culturing, the medium was changed. After 7 additional days of culturing, microglial cells were selectively detached by carefully knocking against the flask. Suspended microglia cells were pelleted at 300g for 5 min at RT, before 60,000 cells in 250 ml medium were seeded for further analysis. For immunocytochemistry and rRT-PCR experiments, cells were seeded on poly-L-lysin-precoated coverslips and cytokine production in the supernatants was assessed by ELISA as described above after treating the cells. Therefore, cells were incubated for 24 h at 37°C and 5% CO 2 after seeding to rest, and stimulated with LPS (1 mg ml À 1 ) or LPS (1 mg ml À 1 ) and FXII (60 nM), or not stimulated for 1 additional day. Astrocyte cell cultures were obtained from WT mice on postnatal days 1-3 as described 51 . In brief, mice were killed by decapitation, their brains were transferred to Hanks' Balanced Salt Solution and the meninges were removed. After preparation of the cortex, tissue was collected in 13.5 ml Hanks' Balanced Salt Solution and incubated for 15 min at 37°C with 1.5 ml DNAse I and 1.5 ml trypsin 2.5%. Cells were mechanically dissociated and filtered through a 45-mm cell strainer. Then, 4.5 Â 10 6 astrocytes were cultured in 75-cm 2 flasks in astrocytes medium (1 Â minimum essential medium, 1 mM sodium pyruvate, 33.3 mM glucose, 10% horse serum and 1% penicillin/streptomycin). The medium was changed 24 h later and twice per week thereafter. When reaching a confluent layer, astrocytes were trypsinized with 0.25% trypsin and EDTA, and frozen in freezing medium (astrocyte medium and 10% dimethyl sulfoxide). Cells were defrosted and cultured on poly-D-lysine-coated coverslips for 2 weeks in astrocyte medium at 37°C and 5% CO 2 for further analysis as described for microglia.
Patients. Fresh blood samples were obtained from 260 MS patients referred to the Departments of Neurology at the University Hospital Würzburg and the University of Münster. MS diagnosis was made according to the revised criteria of McDonald et al. 57 Of the patients included in the study, 87 had not received immunomodulatory treatment except for corticosteroids, with the last dose administered at least 3 months before study entry. In addition, we included 173 patients who had received different immunomodulatory therapies (glatiramer acetate, interferons, fingolimod, natalizumab, teriflunomide and mitoxantrone). All patients gave informed consent in accordance with the Declaration of Helsinki and a protocol approved by the Ethics Committees of the Universities of Würzburg and Münster. Blood (10-20 ml) was collected by venous puncture using a tourniquet. In parallel, 130 sex-and age-matched HDs were included in the study. FXII activity of plasma samples was determined with an automated blood coagulation system (Siemens Healthcare, Eschborn, Germany) according to the manufacturer's instructions. The percentage of FXII activity was calculated in comparison with standard human plasma and FXII-deficient plasma (Siemens Healthcare, Eschborn, Germany).
Statistical methods. EAE data were analysed by the non-parametric Mann-Whitney U-test. To compare the mean day of onset and maximal score, the Mann-Whitney rank-sum test was used. Paired data were evaluated by the Student's t-test. Mann-Whitney U-test for parametric data without normality data sets was used. In the case of multiple comparisons, one-way analysis of variance (ANOVA) followed by post hoc analysis using Tukey's multiple comparisons test or Kruskal-Wallis test with Dunn post hoc analysis was used. Data were analysed using Prism 5.04 (Graph Pad, USA), and the values of probability (P)o0.05 were considered as statistically significant. The level of significance was labelled as NS (not significant), *Po0.05, **Po0.01 or ***Po0.001. In vitro and in vivo data are expressed as mean ± s.e.m.)from at least three independent experiments, unless otherwise indicated. The number of animals (n ¼ 12) necessary to detect a standardized effect size on EAE score Z0.5 (WT mice versus F12 À / À mice) was calculated via a priori sample size analysis with the following assumptions: Data availability. The authors declare that the data supporting the findings of the study are available within the article and its Supplementary Information.
